In 2001, we described an autosomal dominant myopathy characterized by neuromuscular ventilatory failure in ambulant patients. Here we describe the underlying genetic basis for the disorder, and we define the neuromuscular, respiratory and radiological phenotype in a study of 31 mutation carriers followed for up to 31 years. A combination of genome-wide linkage and whole exome sequencing revealed the likely causal genetic variant in the titin (TTN) gene (g.274375T4C; p.Cys30071Arg) within a shared haplotype of 2.93 Mbp on chromosome 2. This segregated with the phenotype in 21 individuals from the original family, nine subjects in a second family with the same highly selective pattern of muscle involvement on magnetic resonance imaging and a third familial case with a similar phenotype. Comparing the mutation carriers revealed novel features not apparent in our original report. The clinical presentation included predominant distal, proximal or respiratory muscle weakness. The age of onset was highly variable, from early adulthood, and including a mild phenotype in advanced age. Muscle weakness was earlier onset and more severe in the lower extremities in nearly all patients. Seven patients also had axial muscle weakness. Respiratory function studies demonstrated a gradual deterioration over time, reflecting the progressive nature of this condition. Cardiomyopathy was not present in any of our patients despite up to 31 years of follow-up. Magnetic resonance muscle imaging was performed in 21 affected patients and revealed characteristic abnormalities with semitendinosus involvement in 20 of 21 patients studied, including 3 patients who were presymptomatic. Diagnostic muscle histopathology most frequently revealed eosinophilic inclusions (inclusion bodies) and rimmed vacuoles, but was non-specific in a minority of patients. These findings have important clinical implications. This disease should be considered in patients with adult-onset proximal or distal myopathy and early respiratory failure, even in the presence of non-specific muscle pathology. Muscle magnetic resonance imaging findings are characteristic and should be considered as an initial investigation, and if positive should prompt screening for mutations in TTN. With 363 exons, screening TTN presented a major challenge until recently. However, whole exome sequencing provides a reliable cost-effective approach, providing the gene of interest is adequately captured.
In 2001, we described an autosomal dominant myopathy characterized by neuromuscular ventilatory failure in ambulant patients. Here we describe the underlying genetic basis for the disorder, and we define the neuromuscular, respiratory and radiological phenotype in a study of 31 mutation carriers followed for up to 31 years. A combination of genome-wide linkage and whole exome sequencing revealed the likely causal genetic variant in the titin (TTN) gene (g.274375T4C; p.Cys30071Arg) within a shared haplotype of 2.93 Mbp on chromosome 2. This segregated with the phenotype in 21 individuals from the original family, nine subjects in a second family with the same highly selective pattern of muscle involvement on magnetic resonance imaging and a third familial case with a similar phenotype. Comparing the mutation carriers revealed novel features not apparent in our original report. The clinical presentation included predominant distal, proximal or respiratory muscle weakness. The age of onset was highly variable, from early adulthood, and including a mild phenotype in advanced age. Muscle weakness was earlier onset and more severe in the lower extremities in nearly all patients. Seven patients also had axial muscle weakness. Respiratory function studies demonstrated a gradual deterioration over time, reflecting the progressive nature of this condition. Cardiomyopathy was not present in any of our patients despite up to 31 years of follow-up. Magnetic resonance muscle imaging was performed in 21 affected patients and revealed characteristic abnormalities with semitendinosus involvement in 20 of 21 patients studied, including 3 patients who were presymptomatic. Diagnostic muscle histopathology most frequently revealed eosinophilic inclusions (inclusion bodies) and rimmed vacuoles, but was non-specific in a minority of patients. These findings have important clinical implications. This disease should be considered in patients with adult-onset proximal or distal myopathy and early respiratory failure, even in the presence of non-specific muscle pathology. Muscle magnetic resonance imaging findings are characteristic and should be considered as an initial investigation, and if positive
Introduction
Respiratory muscle weakness is a common late feature of many neuromuscular disorders, but usually develops after the onset of significant limb or axial weakness. Defects of neuromuscular transmission and motor neuron disease (amyotrophic lateral sclerosis) occasionally require immediate ventilation on presentation (Qureshi et al., 2004; Gautier et al., 2010) , as can -glucosidase deficiency (acid maltase deficiency, type II glycogenosis) (Mellies and Lofaso, 2009 ) and rare presentations of other inherited, metabolic, inflammatory or toxic myopathies (Hutchinson and Whyte, 2008) . However, in general, respiratory failure is unusual in ambulant patients. In contrast, several European families have been described where affected individuals developed significant ventilatory weakness early in the disease course (Patel et al., 1983; Chapon et al., 1989; Edstrom et al., 1990; Abe et al., 1993; Chinnery et al., 2001; Birchall et al., 2005) . Sporadic cases with similar clinical and pathological features have also been described (Kinoshita et al., 1975; Jerusalem et al., 1979; Winter et al., 1986; Bertini et al., 1990; Baeta et al., 1996; Evangelista et al., 2009; Tasca et al., 2010) . Differences in the neuromuscular phenotype led to several different names for the clinical syndromes, including hereditary myopathy with early respiratory failure (OMIM #603689), hereditary cytoplasmic body myopathy with early respiratory failure (Jerusalem et al., 1979; Patel et al., 1983; Chapon et al., 1989; Abe et al., 1993) , hereditary inclusion body myopathy with early respiratory failure and myopathy with respiratory failure and myofibrillar aggregates (Kinoshita et al., 1975; Edstrom et al., 1990) . All reported cases shared in common the presence of early respiratory muscle involvement, and predominantly proximal and/or distal muscle weakness with pathological features including eosinophilic inclusions on muscle histopathology and Z-disc abnormalities with cytoplasmic bodies on electron microscopy. A mutation in the kinase domain of titin was identified as the cause in three Swedish families (Lange et al., 2005) , but the genetic cause of the disease in all the other patients remained elusive.
In 2001, we described a family with an autosomal dominant myopathy associated with early respiratory failure . The disorder presented in mid-adult life in 11 individuals with predominantly distal weakness and preferential diaphragmatic involvement in some patients. Hip and shoulder girdle weakness developed later in the disease course. The absence of axial weakness distinguished the family from other clinical descriptions, and the disease did not link to genetic loci known to be relevant at the time. Subsequent studies defined the lower-limb muscle magnetic resonance imaging (MRI) phenotype, with prominent semitendinosis and obturator externus involvement, which was detectable in clinically unaffected individuals at risk of inheriting the disorder (Birchall et al., 2005) . Here, we report the genetic basis of this disease and confirm our clinical suspicion that two other families have the same disorder. This allowed us to define the clinical spectrum of the disease in 31 patients.
Materials and methods

Clinical assessments
Ethical approval was granted by the Newcastle University and Hospitals Local Research Ethics Committee. All assessments and clinical investigations were carried out in the Newcastle upon Tyne Hospitals NHS Foundation Trust. Clinical data were available for 31 affected individuals. A structured history and examination was performed on 22 subjects (P.F.C., R.H. and G.P.), along with routine haematological, biochemical, immunological and endocrine blood tests, including serum creatine kinase. Clinical neurophysiology (electromyography and nerve conduction studies, n = 13), muscle MRI (n = 21) and skeletal muscle biopsy (n = 15) were performed on a subgroup of affected individuals.
Muscle biopsy analysis
Diagnostic skeletal muscle biopsies were snap frozen on site for histopathological and histochemical examination on cryostat sections (15 biopsies) and western blot analysis (7 biopsies). Diagnostic immunocytochemistry was performed using the following commercially available antibodies. Dystrophin: Dy10/12B2 (N-terminus), Dy4/6 D3 (rod), Dy8/6C5 (C-terminus). Associated glycoproteins: Ad1/20A6 (-sarcoglycan), bSarc1/5B1 (b-sarcoglycan), 35DAG/ 21B5 (-sarcoglycan), Sarc3/12C1 (-sarcoglycan), 43DAG/8D5 (b-dystroglycan). b-Spectrin: RBC2/3D5 (to monitor membrane integrity on sections). Laminins: commercial anti-laminin 5 (Chemicon MAB 1924), b1 (Chemicon MAB 1921) and 1 chain (Chemicon MAB 1920), Mer3/22B2 (equivalent to 300 kDa 2 chain fragment) on sections; commercial 2 (Chemicon MAB 1922) (80 kDa fragment) on blots. Caveolin 3, Emerin and lamin A/C: commercial antibodies (Transduction Labs C38320 and Novocastra NCL-LAM-A/C, respectively). Calpain 3: Calp3d/2C4 (exon1), Calp3c/12A2 (exon 8) on blots only. Dysferlin: NCL-hamlet (exon 53) on blots and sections, Ham3/ 17B2 (at exon 11-12 junction) on sections. Telethonin (G-11), neonatal myosin heavy chain (NCL-MHCn), on sections only. Titin antibody m10-1 (Hackman et al., 2008) was used on western blots.
Pathological analysis of muscles from post-mortem examination was obtained during orthopaedic surgical intervention in individuals not suffering from neuromuscular diseases. A standard immunohistochemistry protocol was used on 6 -mm frozen sections with antibodies against desmin (Dako D33, 1:400), myotilin (Novocastra NCLMyotilin, 1:50) and P62 (Abcam ab56416, 1:150) . Labelling for calpain 3 (Novocastra NCL-CALP-2C4, 1:50) and valosin-containing protein (BD Biosciences, 1:2000) was carried out with a sensitive detection protocol (X-Cell-Plus HRP Detection, Menapath) as previously described (Charlton et al., 2009) .
Sodium dodecyl sulphate polyacrylamide gel electrophoresis and western blotting Sections (30 Â 10 mm) were cut for each sample and quickly dissolved in loading buffer (0.05 M dithiothreitol, 0.1 M EDTA, 0.125 M Tris, 4% sodium dodecyl sulphate, 10% glycerol, 0.005% bromophenol blue, pH 8), boiled for 3 min and centrifuged. Gel electrophoresis and transfer were carried out as described (Anderson et al., 1999) . After transfer, nitrocellulose membrane sheets were labelled with monoclonal anti-calpain antibodies (Novocastra NCL-CALP-2C4 and NCL-CALP-2A12, both 1:60) that detect the full size calpain 3 at 94 kDa and degradation fragments of the protein at 60 or 30 kDa or rabbit polyclonal m10-1 at 1:500, raised against the most C-terminal titin doman M10 (Hackman et al., 2008) . Antibody detection was performed using an enhanced chemiluminescence detection system (Thermo Scientific SuperSignal Õ West Pico Chemiluminescent Substrate). Proteins on gel were stained with Coomassie Brilliant Blue after transfer. Dried blots and gels were used for densitometric analysis with AlphaView TM Q Software (Alpha Innotech).
Genome-wide linkage analysis
A total of 28 individuals (of which 21 were affected) were genotyped at 1170 microsatellite markers derived from the Applied Biosciences HD Marker linkage set and deCODE designed markers derived from the Marshfield genetic map. The average marker distance was 4 cM, with 95% of the gaps 56 cM and none 410 cM. Proprietary deCODE Allele Caller software was used for automated allele calling. CEPH family DNA samples were used as quality controls. Markers (93.7%) were successfully genotyped. Two-point and multipoint linkage analysis was performed using ALLEGRO v1.2c (incorporated into the EasyLINKAGE Plus package) (Gudbjartsson et al., 2000; Lindner and Hoffmann, 2005 ). An autosomal dominant mode of inheritance and a parametric model-based assumption with complete penetrance and a disease allele frequency of 0.1% were used for analysis.
Fine mapping
A further nine markers were used to fine-map the linked locus: two markers were proximal to D2S335 (D2S2380 and D2S399) and seven were distal to this marker (D2S2257, D2S148, D2S2173, D2S324, D2S1574E, D2S385 and D2S2310). One oligonucleotide from each pair was fluorescently labelled (sequences available on request). In addition to 50 ng DNA, 1 Â GoTaq Õ buffer (Promega), 0.33 mM of each oligonucleotide, 2.5 mM dNTPs (Roche) and 0.5 U Taq polymerase (Promega) were added, to a final volume of 15 ml. Amplification was initiated by denaturation at 95 C for 2 min, followed by 30 cycles of denaturation at 95 C for 1 min, annealing at 57-61 C for 1 min and extension at 72 C for 1 min. Finally, there was a further extension at 72 C for 3 min before the samples were cooled to 4 C. Amplicons (3 ml) were utilized for downstream analysis of microsatellite sizes by using a CEQ8000 TM Genetic analysis system (Beckman Coulter) according to manufacturer's instructions. Analysis was conducted using Beckman Coulter Fragment Analysis v2.2.1 software.
Array comparative genomic hybridization
Array comparative genomic hybridization was performed on an affected individual (Patient A-IV:12) by using a whole genome 4 Â 44k oligo array (ISCA version 2.0), analysed with Bluefuse Multi v2.4 software, with expected resolution of $0.25 Mb.
Whole exome sequencing and bioinformatics
Whole exome sequencing was initially performed on two subjects (Patients A-III:6 and A-IV:12) by using the Agilent SureSelect Human All Exon (38 Mb) capture system, and subsequently on another affected individual (Patient A-IV:10) by using the Illumina TruSeq TM Exome Enrichment (62 Mb) capture system. Genomic DNA was fragmented, hybridized and exonic sequences were enriched according to manufacturer's protocol. The captured DNA fragments were purified and sequenced on an Illumina Genome Analyser IIx using 75 bp reads (single and paired-end, respectively) for Patients A-III:6 and A-IV:12, and an Illumina Hiseq2000 platform using 100 bp paired-end reads for Patient A-IV:10. Sequence reads were aligned to the human reference genome (UCSC hg19) using BWA (Li and Durbin, 2010) and the aligned sequence files were reformatted using SAMtools (Li et al., 2009) . Single base variants were identified using Varscan v2.2 (Koboldt et al., 2009 ) and indels were identified using Dindel v1.01 (Albers et al., 2011) . The raw lists of variants were filtered using in-house Perl scripts to identify variants within target regions that were not present in dbSNP132 or in the exome sequences of 50 unrelated and unaffected individuals. Putative 'disease causing' mutations were identified using MutationTaster (Schwarz et al., 2010) with the intention to screen any mutations causing amino acid substitutions and/or were predicted as deleterious.
Segregation analysis
Detection of the candidate mutations was performed by direct sequencing. The details of the specific primer sequences are available in the Supplementary material. Polymerase chain reaction was performed with Immolase (Bioline) according to manufacturer's protocol, using $50 ng of DNA, 0.25 mM of each oligonucleotide and 0.75-4 mM MgCl 2 , for 30 cycles with annealing temperature of 57-65 C. Sequencing was performed using BigDye Õ (Applied Biosystems) according to the manufacturer's protocol with an ABI 3130XL sequencer. Additional single nucleotide variants flanking the disease mutation identified by exome sequencing were Sanger sequenced to further define the disease haplotype for between-family comparisons.
Analysis of titin protein expression
Western blot analysis was carried out using the rabbit polyclonal antibody m10-1 (Hackman et al., 2008) to the C-terminus of titin on Patient A-III:6, compared to normal control muscle and muscle from patients with tibial muscular dystrophy and LGMD2J. The titin C-terminus is fragmented, and we use the pattern and intensity of the fragments to assess the integrity of titin C-terminus.
Results
Patients
Pedigrees for the three families are represented in Fig. 1 . There were no genealogical links between the three families, although all are based in the North East of England. The clinical features of all affected individuals are summarized in Table 1 , and serial pulmonary function testing results are presented in Fig. 2 . A key identifying previously published patients is included in Appendix A.
Family A
Originally described with 11 affected and 13 unaffected individuals , the family now has 21 affected and 20 unaffected individuals. The phenotype was variable within the members of this family. Age of onset varied from 33 to 71 years. The most common presenting symptom was foot drop in 5/12 patients, exertional dyspnoea and/or orthopnoea in 4/12 patients and proximal weakness in 3/12 patients. Despite the common initial presentation of distal weakness, on clinical examination we judged the myopathy to be predominantly proximal in 5/12 patients, predominantly distal in 3/12 patients and both in the remainder. Weakness was generally more severe in the lower extremities, particularly for hip flexion and ankle dorsiflexion. Weakness was symmetrical in all patients except one , although as his condition progressed his weakness became symmetric (particularly of ankle dorsiflexion 0/5 and hip flexion 2/5). Neck flexor weakness was present in 5/12 patients. Evidence of respiratory muscle weakness was indicated by decreased forced vital capacity and forced expiratory volume in 8/12 of the patients, and when recorded pulmonary function decreased in the supine position. Five of 12 patients eventually required nocturnal non-invasive ventilatory support for respiratory muscle weakness, and in these patients this occurred between 5 and 8 years after the time of initial assessment in our clinic. One of these patients has been receiving nocturnal ventilation for 18 years and continues to live at home. Walking aids were eventually required by most of the patients in this family, most commonly ankle-foot orthoses for foot drop, which became necessary between 1 and 4 years after initial presentation. Two of 12 patients became wheelchair-bound after an interval of 7-8 years. Mild to moderate elevations of creatine kinase were present in 7/12 patients. Neurophysiology revealed myopathy with spontaneous activity in 2/5 patients, myopathic changes in 2/5 patients and was normal in one mildly affected individual. Birchall et al., 2005) . Since then we have identified nine affected family members, and at present 19 family members are unaffected. Detailed clinical records were available for all nine affected family members. Age of onset varied from 22 to 55 years, and again we observed heterogeneous phenotype. Five patients presented with drop foot, three patients with symptoms of proximal weakness and three with respiratory symptoms. On clinical examination we judged that six of the patients had predominantly distal muscle involvement, particularly of ankle dorsiflexion; two of these patients had atrophy in the anterior compartment of the distal lower extremity (Patients B-II:1 and B-II:3). Mild to moderate elevations of creatine kinase were present in six patients. Neurophysiology demonstrated myopathy with spontaneous activity in 5/7 patients and was normal in one patient.
Family C
Living in the same region as Family B, the index case presented with drop foot at the age of 45 years. His mother had been wheelchair-bound since he was a child and had a diagnosis of muscular dystrophy on her death certificate. His brother had difficulty with strength in his arms and legs but died at age 47 years from unrelated causes (liver cirrhosis). On initial assessment, the proband had pronounced weakness of ankle dorsiflexion and less so of hip flexion. Calf hypertrophy was present. He also had milder grade weakness of the proximal and distal upper extremities. He was referred for ankle-foot orthoses upon our initial assessment, and became wheelchair-bound 10 years after his initial presentation. He required nocturnal continuous positive airway pressure ventilation 11 years following initial assessment. Despite having a forced vital capacity 540% for the last seven years, with nocturnal ventilation the patient has continued to live at home with assistance. Muscle histology and protein analysis Diagnostic muscle biopsy results from 15 subjects
We present a summary of the pathological findings from 15 affected members from all three families, which includes seven previously reported subjects ( Table 2 ). The most common findings were eosinophilic inclusions ('inclusion bodies') and blue-rimmed vacuoles. Inclusions were found in a small minority of muscle fibres (typically 55%), even in severely affected individuals. However, affected fibres typically contained multiple inclusions. Inclusions had absent staining on NADH, succinyl dehydrogenase, periodic acid-Schiff and myophosphorylase assays, but intense staining with Gomori trichrome. Other non-specific myopathic features were variably present, including fibre size variability (up to 20-fold). Immunocytochemistry excluded known dystrophinopathies, limb-girdle muscular dystrophies (LGMD) and myofibrillar myopathies as a diagnosis. Staining of calpain 3 (CAPN3) was normal or mildly decreased in muscle biopsies taken from quadriceps, gastrocnemius or deltoid muscle. The reduction was more marked in muscle biopsies from tibialis anterior. Three patients had mild, non-specific abnormalities on muscle biopsy that (in the absence of the family history and later genetic testing) would not have permitted a diagnosis of hereditary myopathy with early respiratory failure. Electron microscopy was only performed on biopsies from Family A and has been reported previously ).
Analysis of diaphragm, gastrocnemius, quadriceps and cardiac muscle from a post-mortem examination
The different muscle samples showed common pathological features of varying severity. Some degree of fibre size variation, internal nucleation, fibrosis and fat replacement was observed in all muscles analysed, but these features were more marked in the diaphragm and milder in the quadriceps. Necrosis, regeneration and inflammation were not seen. A predominant feature of the gastrocnemius was the presence of fibre fragmentation and eosinophilic inclusions, while the diaphragm was predominantly affected by fibrosis and fat replacement. Normal expression of sarcolemmal proteins such as dystrophin and components of the dystrophin glycoprotein complex had earlier been confirmed on this patient . To investigate the nature of the inclusions and possible myofibrillar changes secondary to the defect in titin, we stained the sections with antibodies against desmin, myotilin, p62 and valosin-containing protein (Fig. 3) . In all samples, most inclusions were positive for desmin, myotilin and valosin-containing protein, while only a sub-population of fibres showed reactivity to p62, indicating that ubiquitinated multi-protein aggregates containing p-tau are present in some of the cytoplasmic bodies (Nogalska et al., 2009) . Heart histology was normal, and protein inclusions were not observed with any of the antibodies in myocardium (Fig. 3) . Calpain 3 is a known binding partner of titin (Sorimachi et al., 1995) , and muscle biopsies of tibial muscular dystrophy and LGMD type 2J (LGMD2J) patients show variable secondary reduction in calpain 3 (Haravuori et al., 2001) . To investigate whether this reduction may correlate with the severity of the involvement of different muscle groups, we performed calpain 3 labelling on sections and immunoblot. In control muscle, the NCL-CALP-2C4 antibody showed diffuse cytoplasmic labelling (Charlton et al., 2009) . Fainter labelling was detected in the patient's quadriceps, gastrocnemius and diaphragm labelled with much reduced intensity (Fig. 4) . The same antibody used on western blot showed reduced calpain 3 in the quadriceps and no labelling in gastrocnemius and diaphragm. Labelling with NCL-CALP-2A12 revealed a similar reduction, although calpain 3 degradation bands at $60 kDa were still detected in the gastrocnemius (Fig. 5A) . labelled with NCL-CALP-2C4 antibody against epitopes encoded by CAPN3 exon 1. Calpain 3 expression is decreased in gastrocnemius compared with quadriceps, and not detected in diaphragm, corresponding to the severity of weakness in these muscles.
Calpain 3 can undergo exhaustive autolysis but it is usually stable (8 h) in human muscle. When freezing or storage artefacts occur, the intensity of the 94 kDa band may be reduced on immunoblot, while an increase in abundance of degradation bands at 60 and 30 kDa is observed. Given that the samples were collected post-mortem, some degree of protein degradation should be taken into account. Indeed, densitometric data normalized to the myosin content in each lane showed that the 60-kDa degradation bands detected in quadriceps and gastrocnemius were stronger in intensity than control (Fig. 5B) . Calpain 3 was not detected in the diaphragm with either antibody.
Western blot analysis of titin
Western blot analysis using an antibody directed against the M10 domain of titin showed a normal expression and banding pattern in Patient A-III:6, in contrast to patients with tibial muscular dystrophy and LGMD2J, where the C-terminal fragments were reduced or absent (Fig. 6 ).
Muscle magnetic resonance imaging findings
Muscle MRI findings are summarized in Table 3 , and were consistent with the findings in our previous study (Birchall et al., 2005) . Novel findings include three patients who had imaging when presymptomatic, which demonstrated similar (albeit milder) abnormalities to patients who were already clinically affected. Based on these patients, semitendinosus and peroneus longus are the first muscles to show fatty infiltration on MRI (Fig. 7) . Two of these patients (Patients A-IV:9 and A-V:3) had imaging seven and six years ago, respectively (both at 30 years of age), and still have not developed the condition. The third patient (Patient B-III:10) already had mildly abnormal pulmonary function tests at the time of initial assessment and developed symptoms of muscle weakness shortly after the time of her scan. We also report results of serial imaging in one patient (Patient A-IV:4) with a mild phenotype. She had two MRI studies in a 4-year interval showing minimal progression, in keeping with her stable clinical course over this period.
The most commonly affected muscle was semitendinosus (20 of 21 subjects), followed by peroneus longus (16/21) and obturator externus (15/21). Some of the patients with mild phenotype had mild abnormalities on imaging, although moderate and severe phenotypes were always associated with pronounced imaging abnormalities. Axial muscles were also involved, including rectus abdominis, transversus abdominis or erector spinae (total of eight patients, in advanced disease), in keeping with our observation that axial muscle weakness is common in this disorder.
Genome-wide linkage analysis
Genome-wide microsatellite analysis performed on Family A identified a 30-cM region on chromosome 2q24.1-2q32.2 with a maximum multipoint log of odds (LOD) score of 3.8 at microsatellite marker D2S335 (Fig. 8) . Observed heterozygosity at this marker was 97%. No other chromosomal regions achieved multi-point LOD score of 42.0. This marker also achieved the maximum single point LOD score of 3.4. No other markers produced a single point LOD score of 42.3. Following the addition of nine further microsatellite markers surrounding D2S335, the maximum single point LOD score remained at microsatellite marker D2S335 with a LOD score of 3.8, but the maximum multipoint LOD score shifted to give a maximum LOD at marker D2S2188 located at 180.79 cM on chromosome 2. Linkage analysis and additional manual haplotype analysis within the pedigree indicated the disease locus lay between microsatellite markers D2S2188 and D2S2310, with all affected family members sharing a common haplotype flanked by these two markers. Several unaffected family members also shared the common haplotype between D2S2188 and D2S2173, indicating the disease locus was likely to be situated between markers D2S2173 and D2S2310. This represents a 3.61-cM region including titin (TTN).
Array comparative genomic hybridization
No abnormalities were detected with array comparative genomic hybridization.
Whole exome sequencing and bioinformatics
Whole exome sequencing using the Agilent SureSelect Human All Exon (38 Mb) capture system generated more than 152 million 75-bp paired-end reads (11.4 Gb) in Patient A-III:6 and 4127 million 75-bp single-end reads (9.6 Gb) in Patient A-IV:12. The exome was captured at a mean per target base sequence depth of 111-and 116-fold for Patients A-III:6 and A-IV:12, respectively, with 88 and 91% of target bases covered at a minimum depth of 10-fold. Within the linkage region on chromosome 2, only 54 and 55% of coding exon bases (CCDS May 2009) were covered at a minimum depth of 10-fold; the coverage of TTN was particularly poor, with only 10% of coding bases covered at a minimum depth of 10-fold in both patients. Due to the poor coverage of TTN, an additional Patient A-IV:10 was sequenced using the Illumina TruSeq Õ Exome Enrichment (62 Mb) capture system, which generated more than 137 million 101-bp reads (13.9 Gb). Using these targets, there was a mean per target base coverage of 99-fold and 94% of target bases were covered at a minimum depth of 10-fold. Within the linkage region, 98% of coding bases were covered (minimum 10-fold) at a mean depth of 105-fold and 99.8% of the coding region of TTN was covered (minimum 10-fold) with a mean depth of 105-fold. Figure 9 shows the difference in coverage between the three patients using the different exome capture systems. Table 4 shows the number of variant predictions from the exome sequence. The initial sequencing of Patients A-III:6 and A-IV:12 yielded four novel heterozygous variants in the linkage region (Table 5: note that insertion/deletions are only available for Patient A-III:6 because a technical problem resulted in the generation of non-paired-end reads for Patient A-IV:12). One of these variants caused an amino acid substitution, although this variant did not segregate with the disease within the families. One of the variants was in the TTN gene and segregation analysis was performed because of high suspicion for mutations in this gene. After exome sequencing was performed on Patient A-IV:10 by using a different probe set, 30 novel variants were identified. Three of these were in TTN and two further were predicted to be pathogenic (a deletion in the 5 0 -untranslated region of RAPGEF4 and a single base variant in the 5 0 -untranslated region of CERKL) (Table 6 ). These five variants were selected for segregation analysis. The remaining 25 variants either were non-coding changes that were not predicted to alter splice sites or had been eliminated in the first round of sequencing (Supplementary  Table 2 ).
Segregation analysis
Sanger sequencing (Fig. 10) confirmed the presence of g.274375T4C in the TTN gene (Genebank#: AJ277892) in all affected individuals from Family A (n = 21), Family B (n = 9) and Family C (n = 1). The mutation was not detected in 182 ethnicallymatched control subjects (364 chromosomes) or any of the unaffected family members (n = 9), who were sequenced using the Novel heterozygous variants in Patient A-IV:10, within the linkage region, with amino acid exchanges or predicted to be disease causing. a All variants are reported in the forward (5 0 43 0 ) direction, therefore for reverse coding genes (such as TTN) intragenic locations are in reverse complement to those above. b This variant was not predictive to be deleterious and was non-coding, but given it was in our main candidate gene we felt it prudent to sequence this gene as well. c SBV = Varscan parameters minimum total coverage 55-fold; minimum variant coverage 53-fold, min. Novel heterozygous variants shared between both patients (Patients A-III:6 and A-IV:12), within the linkage region. a All variants are reported in the forward (5 0 to 3 0 ) direction; therefore, for reverse coding genes (such as TTN) intragenic locations are in reverse complement to those above. b SBV = Varscan parameters minimum total coverage 5 5-fold; minimum variant coverage 5 3-fold, min. same method. Other novel variants within the linkage region that caused amino acid substitutions and/or were predicted as pathogenic by MutationTaster were sequenced using the same method and did not segregate with the phenotype. To improve our confidence that the variant was the causative mutation, we identified exons within the TTN gene that were covered with510-fold read-depth. This revealed 19 regions that were sequenced using 20 primer sets and the same method above. This analysis identified heterozygous polymorphism rs116792417 and novel heterozygous intronic single base variants g.21573C4T and g.162017A4T; neither of these were predicted to cause splice site changes. Furthermore, we selected 18 single base variants from the exome sequencing of Patient A-IV:10 that were in closest proximity to the putative mutation (Supplementary Table 3 ). These were sequenced in the other affected family members in order to further narrow the boundaries of the shared haplotype. Two variants upstream of the putative mutation demonstrated non-sharing of alleles with the mutation. The closest was at chromosomal position 179 236 831 (using GRCh37 as the reference sequence), in which sequencing in 13 affected individuals indicated that one was homozygous for the reference allele and 12 patients had rs6433724 (eight heterozygous and four homozygous), indicating that alleles were not shared with the mutation at this location. All of the variants downstream from the mutation (the furthest being rs6715406 at position 179 650 701) were sequenced in 30 affected individuals, but it was not possible to exclude allele sharing at those locations.
These results narrowed the shared haplotype on chromosome 2 to positions 17 923 6831-182 166 459 (between rs2304340 and DS2310) for a maximum shared haplotype size of 2.93 Mb. The g.274375T4C mutation in TTN, which segregated with the disease in all family members, is at chromosomal position 179 410 829, which places it within this haplotype. This shared haplotype between the three families suggests a founder effect for this mutation.
Discussion
The heterozygous g.274375T4C substitution in TTN is highly likely to be the cause of hereditary myopathy with early respiratory failure in these families. It is a novel variant predicted to alter a highly conserved small/polar cysteine amino acid residue for a larger/basic arginine, which is likely to induce conformational change in A-band titin, and thus have functional consequences. The same variant segregates with the phenotype in three ostensibly unrelated families (a total of 31 affected and nine unaffected individuals) with the same rare disorder, and is not present in 364 control chromosomes. Other potentially pathogenic variants within the chromosomal region linked to the disease were excluded by direct sequencing. We also excluded the possibility of another mutation in TTN by sequencing the entire coding region of this gene. The exome sequencing had 410-fold coverage for all but 19 coding regions of TTN, and these remaining regions were excluded by Sanger sequencing. After further analysis of single nucleotide variants surrounding the putative mutation, the size of the shared haplotype in these three families was 2.93 Mbp, which contains only 10 protein-coding genes. The only sarcomeric protein in this region is TTN, and a muscle protein is the presumed cause of this disease due to the disturbed myofibrillar architecture on electron microscopy. As expected for a missense mutation, the size and abundance of the titin protein was normal in affected muscle, but the titin-binding partner calpain 3 was reduced, further implicating titin in the pathogenesis of the disorder. Finally, by carrying out a comprehensive study of the clinical phenotype in mutation carriers, we show that the clinical spectrum of disease in these families overlaps with that described in other families with mutations in the kinase domain of TTN (Lange, 2005) , providing further evidence that TTN is the disease gene in the families described here.
Hereditary myopathy with early respiratory failure is a rare disease, but as we have demonstrated, there is enormous phenotypic variability within these families. The phenotype was mild or severe, with onset in early to late adulthood, and the predominant muscles affected were proximal, distal, axial, respiratory or, most frequently, a combination of these. Ultimately, nearly all patients eventually developed significant proximal and distal weakness, perhaps suggesting that the various initial presentations may converge into a common late-stage phenotype, as has been demonstrated in dysferlin myopathy (Paradas et al., 2010) . Given these features of the condition and the difficulty in recognizing symptoms of respiratory failure due to muscle weakness (two of our patients were initially misdiagnosed as having obstructive sleep apnoea), it is quite possible that this disease is under-recognized, and the very small number of reported cases in the world literature (Table 7) may therefore under-represent the true prevalence of this disorder. This is compounded by the fact that muscle pathology can be non-specific (as was the case for 3/15 patients in our series), and even if detected, the presence of cytoplasmic bodies are a non-specific finding seen in other well-defined muscle diseases (Caron et al., 1999) . Another common feature is Z-disc abnormality (Edstrom et al., 1990; Abe et al., 1993; Chinnery et al., 2001 ) and the accumulation of myofibrillar protein within inclusions, vacuoles and/or cytoplasmic bodies (Bertini et al., 1990; Baeta et al., 1996; Caron et al., 1999; Chinnery et al., 2001) , which could result in cases of this disease being classified as myofibrillar myopathy [e.g. myopathy due to desmin, myotilin or filamin mutations may also present with early respiratory failure (Ferrer and Olive, 2008) ]. Cytoplasmic bodies in hereditary myopathy with early respiratory failure have been found to contain desmin (Bertini et al., 1990; Baeta et al., 1996) , dystrophin (Caron et al., 1999) and b-amyloid , which are also over-expressed in the muscle from patients with myofibrillar myopathy (Selcen, 2011) . On account of these clinical and pathological similarities, as well as the similar genetic aetiology (since myofibrillar myopathies are caused by mutations in proteins associated with the Z-disc), it is reasonable to consider this disorder in the pathological differential diagnosis of myofibrillar myopathy, even though the hyaline and dark cytoplasmic abnormalities on trichrome stain are lacking in this disease. By studying the largest series of patients described to date, our observations cast light on the optimal means to diagnose and manage patients with this disorder, providing a guide to the natural history. Selective fat infiltration of semitendinosus on muscle MRI was present in all but one of the patients in this series, and was also present in all presymptomatic mutation carriers before symptom onset. MRI abnormalities of semitendinosus and peroneus longus (the two most frequently affected muscles in our series) are also observed in myofibrillar myopathies, particularly desminopathy, B-crystallinopathy and myotilinopathy (refer to diagnostic algorithm in Fig. 5 of Wattjes et al., 2010) . These shared patterns on MRI are not likely to be coincidental: it has already been demonstrated that phenotypes resembling 'titinopathy' can be caused by mutations in B-crystallin and that the mechanism appears to be due to altered interaction of B-crystallin with titin protein (Inagaki et al., 2006; Zhu et al., 2009) . Our series has provided MRI data on 21 patients and firmly defines the MRI features of hereditary myopathy with early respiratory failure, showing for the first time that thigh MRI is a sensitive predictor of mutation status. Future MRI algorithms should include hereditary myopathy with early respiratory failure in the category of diseases that have predominant semitendinosus and peroneal muscle involvement. This would improve recognition and appropriate genetic testing for this condition. After diagnosis, the early recognition of asymptomatic respiratory failure and its treatment with nocturnal ventilation is likely to have improved the quality and length of life, with several individuals remaining semi-independent at home up to 31 years after the initial diagnosis.
The reported cases of this disorder in the world literature are summarized in Table 7 , with the majority not defined genetically. For those cases with onset in adulthood, it seems plausible that these might also be due to TTN mutations, given the overlap of clinical and pathological findings. One of the reported adult-onset cases had cardiomyopathy, which was not demonstrated in any of our patients. Nonetheless, titin is also expressed in cardiac muscle and it is possible a different mutation in this gene could be responsible. The massive size of titin has rendered complete screening of this gene near-impossible in the past, but exome sequencing is a cost-effective way forward. However, our findings show that this should not be considered an 'off the shelf' routine clinical test at present. Our initial exome sequencing failed to identify the causative mutation in Family A because only a small proportion of titin was sequenced following 38-Mb capture. Only by further re-sequencing using a 62-Mb capture system did we obtain adequate coverage to detect the causal variant in this family.
The spectrum of disease due to TTN mutations is already broad, and a schematic of the regional distribution of mutations causing the various phenotypes is summarized in Fig. 11 . Mutations of the M-band region (at the C-terminal limit of the protein) cause tibial Figure 11 Schematic diagram of the various domains of TTN (not drawn to scale), represented from N-terminus to C-terminus, and described based on their location within the sarcomere. There is some domain specificity for the observed phenotypes. Cardiomyopathy occurs from a broad range of mutations, although those in the N2B and A-band domains are most common (Herman et al., 2012) . Mutations causing late-onset autosomal dominant myopathies are within the A-band, kinase region and M-line: tibial muscular dystrophy is caused by mutations in the M-line, and hereditary myopathy with early respiratory failure is now demonstrated to be caused by A-band or kinase mutations. The novex and N2B regions contain isoform-specific sequences (mainly for cardiac muscle). PEVK is the region characterized by repeats of amino acids PEVK. The A-band contains repetitive fibronectin III (FnIII) and immunoglobulin-like (Ig) elements (Gregorio et al., 1999; Bang et al., 2001; Freiburg et al., 2000; Krü ger et al., 2009) . muscular dystrophy in heterozygous state (Hackman et al., 2002) , which bears some similarity to hereditary myopathy with early respiratory failure due to its onset in adulthood, and preferential involvement of ankle dorsiflexion. Mutations that cause premature stop codons have been suggested to cause a more severe phenotype of this disorder in some reported families (Hackman et al., 2008) . M-band mutations in homozygous state cause a severe, early onset skeletal myopathy, LGMD type 2J (Udd et al., 2005) . Homozygous deletions in the M-band are causative of early onset cardiomyopathy and skeletal myopathy (Carmignac et al., 2007) . A missense mutation in the kinase region of TTN (proximal to the M-band) has been demonstrated to be causative of hereditary myopathy with early respiratory failure in three families (Lange, 2005) . Interestingly, the mutation described in the current report is a missense mutation proximal to the kinase region, in the A-band of titin. This suggests that the mechanism is not directly related to altered kinase activity of titin, and further study will be required to determine the cause of early respiratory muscle involvement, which appears to be mutation-specific at present. Given the myofibrillar pathology and inclusion bodies, the mutation may cause hyperaggregation of titin and/or its binding partners in the A-band or interference with the calpain 3 proteolytic system.
Protein studies from muscle in our patients did not reveal abnormalities in the most C-terminal part of titin with the antibodies tested. However, detailed pathological studies of eight muscle biopsies and three separate skeletal muscle tissues from a single patient (post-mortem material) demonstrated decreased calpain 3 expression. Calpain 3 is a muscle-specific calciumdependent protease responsible for LGMD2A. Secondary reduction of calpain 3 on muscle biopsies has been reported in LGMD2B (Anderson et al., 2000) and LGMD2I (Yamamoto et al., 2008) , without any apparent correlation between the levels of calpain 3 and the stage of muscle pathology (Charlton et al., 2009) . However, in the post-mortem tissue studied here, the greatly reduced levels of calpain 3 in the diaphragm correlated with the severity of the myopathy. To our knowledge, this is the first report of comparative calpain 3 analysis in multiple muscle groups from the same patient and is consistent with the role of titin as a regulatory factor controlling calpain 3 autolysis (Ono et al., 2006) . Although preliminary, these observations suggest that secondary loss of calpain 3 may exacerbate the disease.
In conclusion, we present a detailed clinical description of the largest reported series to date of patients with hereditary myopathy with early respiratory failure. This condition has variable clinical presentation, progressive respiratory muscle weakness, occasionally highly non-specific muscle pathology and as such is likely under-recognized. We show that patients with this condition may be identified when they are presymptomatic with muscle MRI, revealing semitendinosus and peroneus longus as the first affected muscles. In more advanced cases, semitendinosus, peroneus longus and obturator externus are the most commonly affected muscles on MRI. Using microsatellite linkage analysis and whole exome sequencing, we have identified the g.274375T4C mutation in TTN, which lies within a 2.93-Mb haplotype shared between these three families, and excluded the possibility of another TTN gene mutation by sequencing all coding regions of the gene. Hereditary myopathy with early respiratory failure can be due to mutations in the A-band (as in this report) and the kinase domain, and further study will be required to discover the full repertoire of TTN lesions capable of causing this disease.
